Objective: (1) To determine by means of multivariate genetic modelling whether the covariation of blood pressure (BP) and body mass index (BMI) is compatible with a direct effect of BMI on BP, or rather with pleiotropy or environmental association, and (2) to quantify the contribution of such an effect and of heritability and environmental factors to BP variance. Design and methods: Fifty monozygous and 41 dizygous male twin pairs (ages: 17-38 years) were studied. BMI was calculated as weight/height 2 . Blood pressure was the mean of three conventional measurements in the supine position. Estimates for the path coefficients of the three hypothesised models were obtained using Maximum Likelihood Estimation and were used to calculate the predicted covariance matrices for these models. A 2 goodness-of-fit index of P Ͼ 0.05 indicated an adequate fit. Likelihood ratio 2 statistics and the Akaike
Introduction
Blood pressure (BP) and body mass index (BMI) are positively correlated in both hypertensive and normotensive subjects. [1] [2] [3] Moreover essential hypertension and (especially central) obesity appear to cluster, together with hypertriglyceridaemia, decreased levels of high density lipoprotein, insulin resistance and hyperinsulinaemia. 4 The mechanisms behind the clustering of these risk factors and of BP and BMI in particular, have been the subject of extensive research. Careful metaanalyses by Goldstein 5 and Staessen et al 6 on randomised intervention trials assessing the effect of weight reduction on BP show that weight reduction has a beneficial effect on BP levels, which favours a causal relationship. Other plausible mechanisms are environmental association and pleiotropy. Environmental association means that the correlation between BP and BMI would be due to an environmental (eg, 'life style') factor which affects both BP Correspondence: Dr Wouter Vinck, Hypertension and Cardiovascular Rehabilitation Unit, U.Z. Gasthuisberg, Campus Onderwijs en Navorsing, Herestraat 49, B-3000 Leuven, Belgium Received 16 April 1998; revised and accepted 25 November 1998 Information Criterion (AIC) were used to choose the best model among the fitting models. The path coefficients of the best model were used to estimate the variance decomposition of BP. Results: All hypothesised models fitted the data. The AIC was lowest for the model representing an influence of BMI on BP, for both systolic (AIC ‫؍‬ ؊22.3) and diastolic (AIC ‫؍‬ ؊22.2) BP. The estimated percentages of the total phenotypic variance of BP, which could be explained by the influence of BMI on BP, were 11.4% and 12.9% for systolic and diastolic pressure respectively. The remaining variances were associated with variation in genetic and environmental factors. Conclusions: A direct influence of BMI on BP constitutes the most likely explanation of the BP-BMI-covariation and it accounts for about 12% of the BP-variance in young healthy men.
and BMI in the same direction. Pleiotropy is defined as one gene or set of genes which influences two or more traits simultaneously. The role of the latter two mechanisms has been assessed in various groups, using various methodologies. Newman et al 7 examined 250 adult monozygous (MZ) twins and assessed whether BP was higher in the twin-member with the highest weight. They found a significant difference in BP, thus excluding the possibility that genetic factors alone would account for BP-BMI covariation. Schork et al 8 measured BP, BMI and other quantitative traits thought to influence BP in 2184 households, and concluded that there was no important role for bivariate pleiotropic systems influencing the natural variation of BP, including BP-BMI pleiotropy. Hanis et al 9 have examined 5-to 19-year-old siblings and showed that not pleiotropy, but a 'regression effect' of body weight on blood pressure is needed to explain BP-BMI covariation. Allison et al 10 were the first to assess the three hypothetical models (direct effect, pleiotropy and environmental association), using the same standard. They concluded from a multivariate genetic analysis of BMI and BP in middle-aged female twins that a causal influence of BMI on BP fits the data better than pleiotropy, environmental association or alternative causal models. On the whole, a causal influence of BMI on BP is accepted by most as one of the elements responsible for BP-BMI covariation, but only in middle-aged women were all three hypothetical models investigated, using the same methodology. 10 This analysis needs to be extended across populations and age groups.
Another important issue, that has not received due attention thus far, is to know to which extent proposed mechanisms for BP-BMI covariation affect BP heritability, on top of genetic and environmental influences on BP. Especially a direct effect of BMI on BP could lead to an overestimation of BP heritability, 9 since BMI itself is highly heritable. 11 Because of this, it is very important to disentangle the influence of BMI, genetic influences and environmental influences in the variance of BP. Allison et al 10 have elegantly shown in middle-aged women how multivariate genetic modelling of twin data can be used to put the impact of an influence of BMI on BP into perspective with the genetic and environmental influences on BP per se. Again their analysis has to be extended to other populations and age groups.
The purpose of the present study was to investigate the two issues investigated by Allison et al in a sample of young adult male twins. Accordingly, the primary goal was to determine whether the observed pattern of covariation between BP and BMI is compatible with an influence of BMI on BP, or rather with pleiotropy or environmental association. Assuming that the direct influence of BMI on BP would be the best model in this analysis, the secondary goal was to estimate the quantitative contribution of this effect and the residual genetic and environmental influences in the variance of BP. The same multivariate genetic approach as in the paper by Allison et al 10 will be used throughout, to allow for a comparison of the estimated variance components across populations, which is of interest both from a clinical and from a research point of view.
Subjects and methods

Study population
One hundred and eighty-two young male Caucasian subjects (50 pairs of monozygous (MZ) and 41 pairs of dizygous (DZ) twins) were studied. A first set of twins was drawn from the East Flanders Prospective Twin Study (n = 31 pairs), in which zygosity was determined at birth, according to procedures outlined in Derom et al. 12 A second set of twins was identified by searching the municipal and parish registers in several Flemish towns and the lists of students in the schools and the University of Leuven (n = 60 pairs). In the latter twin pairs, zygosity was determined according to procedures outlined in Fagard et al. 13 Twin members were assigned number 1 or 2 according to the alphabetical order of their first names.
Protocol
Twins were tested in pairs in the morning in an airconditioned laboratory. They filled in a questionnaire on general health and living conditions (including marital status; whether they lived together, partially apart or totally apart) and a questionnaire for zygosity diagnosis.
14 Investigations included measurement of height and weight and a physical examination. BMI was calculated as weight divided by height squared (kg/m 2 ). After 10 min of supine rest, BP was measured in triplicate by auscultation of the Korotkoff sounds (phase V for diastolic BP), by one of two trained investigators. Before BP measurement, arm girth was measured at half the distance between the acromion and the elbow. In all subjects arm girth was between 24 and 32 cm, so that a regular cuff (with a bladder size of 13 × 24 cm) could be used in all of them. The reported pressures were the averages of the three measurements and are symbolised as systolic BP (SBP) and diastolic BP (DBP), for systolic and diastolic BP, respectively. Mean arterial pressure (MAP) was calculated as DBP + (SBP−DBP)/3. Heart rate was counted over 30 sec and expressed as beats per minute.
Statistical analysis
Database management and statistical analysis were performed with the SAS software (SAS-Institute Inc). Depending on whether the distribution was normal or not, characteristics of the subjects are presented as mean ± s.d. or median and range. Assumptions made in path analysis include normality of the data, homogeneity of means, variances and environmental variances among the MZ and DZ twins. The normality of the data was assessed using Shapiro-Wilk's statistic. A nested hierarchical ANOVA model was implemented using SAS-GLM software 15 to test for differences between the means of MZ and DZ twins. The difference between the living conditions of MZ and DZ twins was assessed using a likelihood ratio 2 test. Tests for equality of total within-group variance and total within-group environmental covariance between the MZ and DZ twins were performed according to procedures described by Christian et al. 16 P values of 0.05 or smaller were considered significant.
A bivariate analysis of SBP, DBP and MAP with BMI was performed in order to determine whether pleiotropy, environmental association, or a direct effect of BMI on BP significantly contributed to the observed correlation between BMI and BP. The different path models that were evaluated are represented in Figure 1 . The analytical technique that was used is known alternatively as path analysis, confirmatory factor analysis, and covariance structure modelling. Modelling covariance structures is a powerful tool to disentangle genetic and environmental contributions to phenotypic variation, without the need to actually determine genotypes or environmental influences. The rationale behind covariance structure modelling is that when a particular model holds in reality (eg, pleiotropy), this will affect the covariance structure of MZ and that of DZ twins in a particular way, so that one is able to find this model by examining the observed covariance matrices of both MZ and DZ twins. This is done by comparing the observed covariance matrix with the covariance matrices predicted by the different models, for both MZ and DZ twins. The MX program was used to deduce the predicted covariance matrices and to compute the 2 values representing the agreement between the observed and predicted covariance matrices. First the 2 statistics were evaluated as goodness-of-fit indices. A P value of 0.05 or larger indicated an adequate fit of the model to the data. Then, for all models that fitted the data, a likelihood ratio 2 statistic was computed, comparing the fit of the model under scrutiny to the fit of the null model, where no covariation of BP and BMI was possible (nested models) (P Ͻ 0.05). The models that fitted, and at the same time significantly differed from the null model were compared using the Akaike Information Criterion (AIC). 17 The Akaike Information Criterion equals the 2 goodness-of-fit index minus twice the number of degrees of freedom, and as such the lower values indicate the better models. Finally, for the best model from this analysis confidence bounds on the individual path coefficients were calculated to assess the significance of the individual paths.
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Results
Characteristics of the subjects
Data on age, body size and BP are given in Table 1 . BMI ranged from 15 to 31 kg/m 2 , SBP from 100 to 162 mm Hg, and DBP from 50 to 98 mm Hg. Twentyseven out of 182 subjects had a BP exceeding the WHO/ISH criteria for hypertension, 19 ie у140 or у90 mm Hg for systolic and diastolic BP, respectively. Thirty out of the 182 subjects were overweight (BMI Ͼ 25 kg/m 2 ). A Shapiro-Wilk test showed that the normality assumption could not be rejected for BP, nor for BMI (0.16 Ͻ P Ͻ 0.69). The group means were not significantly different between MZ and DZ twins. As to the living conditions however, a higher proportion of DZ twin pairs was living separately, but the null hypotheses of equal variance and equal environmental covariance across zygosity groups could not be rejected. Furthermore we performed a separate analysis in a subgroup consisting of all subjects between 18 and 28 years of age (n = 154), a subgroup that is more homogeneous with respect to age, and does not show the excess of dizygous twins living apart. The conclusions from the multivariate analyses in this subgroup were exactly the same. Table 2 gives the correlation matrices for MZ and DZ twins respectively.
Multivariate analyses
Results from the multivariate analyses are given in Tables 3 and 4 for SBP and DBP respectively. Data on MAP are not shown. All specified models except the null model fitted the data. All models allowing for BP-BMI covariation differed significantly from the null model, meaning that none of these models could be rejected. The model featuring a direct effect of BMI on BP however, had the lowest AIC, which means that it provided the best fit to the data. All paths of this model were significant at the 0.05 level of significance. The same results were obtained both for SBP, DBP and MAP.
In order to put the genetic and environmental influences and the effect of body mass on BP into a proper perspective as to the percentage of the total variance of BP which can be explained by these different sources, the parameter estimates were translated into variance components by squaring and standardising them. Table 5 gives the percentages of the total variance of SBP and DBP explained by genetic (A 2 ) and environmental (E 2 ) influences and by the influence of BMI on BP, along with their confidence bounds. About 60% of the variance of BP was explained by genes, and 28% by specific environmental factors. The influence of BMI on BP explained 12% of the variance of SBP and 13% of the variance of DBP. Given the fact that genes explain 85% of the variance of BMI, the overall genetic determination of SBP and DBP are 71% and 70%, respectively, ie, the sum of the direct genetic variance and the product of the direct effect of BMI on BP times the genetic variance of BMI.
Discussion
The present study shows that the covariation which exists between BP and BMI in young Caucasian men, is better explained by a direct effect of BMI on BP than by pleiotropy or by environmental association. Furthermore, joint estimation of the effect of body mass on BP, and of the genetic and environmental background, indicates that this effect accounts for only 12% of BP variance, whereas genetic factors account for 60% and environmental factors for 28% of BP variance.
Multivariate twin methods represent a classical technique for demonstrating the impact of genetic and environmental factors in the determination of phenotypic traits, and to demonstrate the presence or absence of pleiotropy and environmental association. These results show that the environmental association and pleiotropy models are not rejected by the data, but that they fit the data less well than the direct effect, despite the fact that they have the same number of degrees of freedom. In our analysis the pleiotropy model had the highest AIC, so that it was considered the worst model. This agrees with results obtained by Schork et al 8 and Hanis et al, 9 in analyses of nuclear families and siblings, respectively. The direct effect had the lowest AIC. This supports the idea that there is a causal effect of body mass on BP. Certainly, longitudinal studies are superior in proving causality, notwithstanding some difficulties in exactly matching experimental and placebo groups for potential confounders like salt intake and exercise. However, whereas the results of the randomised trials were mainly applicable to overweight and hypertensive subjects, our results provide a view on the relationship between BMI and BP in normal healthy persons, and also allow to assess other models for BP-BMI covariation. Our data do not allow us to make inferences about the physiological mechanisms underlying the effect of BMI on BP. Further experimental studies and multivariate genetic analysis on intermediate phenotypes are needed to clarify this issue. Enhanced orthosympathetic activity 20, 21 and renal haemodynamic changes [22] [23] [24] have been suggested as possible intermediate phenotypes between overweight and essential hypertension.
Multivariate genetic modelling is uniquely suited to jointly estimate the impact of BMI on BP against the background of the usual genetic and environmental determinants of BP. We estimated the importance of BMI in explaining BP variation to be 12% for systolic and 13% for diastolic BP. After statistically controlling for the influence of BMI on BP, we obtained heritability estimates of 61% and 59%, and environmental influence estimates of 27% and 28%, for systolic and diastolic BP respectively. This indicates that in young males, BP heritability is relatively high, even when the direct influence of BMI (which itself is highly heritable) is statistically controlled for.
Our results clearly contrast with those obtained by Allison et al. 10 They obtained an estimate of 32% for the direct effect of BMI on the average of systolic and diastolic BP, a heritability estimate of 36%, leaving 32% for environmental determination. Both the decrease in heritability and the parallel increase in the effect of BMI on BP by going from a sample of young male twins to a sample of middle-aged females, and the unexpectedly high heritability in our study are striking. Figure 2 clearly shows that Allison's estimates for genetic and BMI-associated variance components fall outside our confidence limits. The discrepancy between the results may be due to the different age range of the participants, to sex or to other population differences. To the best of our knowledge, only Pérusse et al 25 reported a significant sex effect on heritability. Furthermore, no Figure 2 Differences in estimated variance decomposition between our study and the study by Allison et al. 10 Estimates of the variance components (in %) are provided, where available along with the confidence bounds. Bullets represent our estimates, for systolic (b) and diastolic (ć) blood pressure. Crosses (+) represent Allison's estimates on the variance decomposition for mean blood pressure. sex differences in BP reduction upon dieting were reported. Several studies however support the agedependency of BP heritability. Snieder 26 has observed that the heritability estimates obtained from model fitting in a group of young twins (age: 13-22 years) averaged 49% for systolic, and 69% for diastolic BP, and that these estimates were lower in a group of middle-aged (35-62 years) twins: 40 and 42%, respectively. Tambs et al 27 have shown that models excluding age-specific genetic influences were significantly worse. Pérusse et al 25 performed a segregation analysis without correction of BP for age and concluded that a single gene with genderand age-dependent effects influences SBP determination. An exploration of the functional form of changes in heritability with age shows that our high heritability estimate is not unexpected when the age of our group is taken into account, and that the decline in heritability by going from a sample of young persons to a sample of middle-aged persons is confirmed. We analysed all studies on BP heritability including subjects older than 5 years of age, where mean age was reported and a Falconer heritability estimate 28 could be computed. 26, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] These estimates are plotted versus age in Figure 3 , which also shows the fit from the locally-weighted regression analysis. 39, 40 The amount of fitting that was done, is equivalent to 4 degrees of freedom. Substantial differences in heritability estimates according to age are observed, and the highest heritability estimates are consistently found in groups with mean age between 20 and 30 years. Overall, this regression suggests a nonlinear dependency of heritability on age. Further confirmation of these data is warranted however, since the groups that were studied were not homogeneous with respect to age. A comparison of multivariate genetic modelling results from Allison's study 10 and our study does not only reveal a change in heritability with age, that is apparently confirmed by the reviewed literature data, but also suggests that the influence of BMI on BP becomes more important with age, which has never been reported before. It is unclear why this influence is becoming more important with age. One trivial explanation would be that there is a difference in BMI distribution between the two populations, but this does not appear to be the case. In our study BMI averaged 22.9 ± 3.1 and 22.6 ± 2.6 kg/m 2 for mono-and dizygous twins respectively and in the subjects studied by Allison BMI averaged 22.79 ± 3.12 and 24.18 ± 4.09 kg/m 2 for mono-resp. dizygous twins. Our data do not allow us to make inferences on the mechanisms of this change.
In conclusion, these data confirm the earlier observation that a direct effect of BMI on BP explains BP-BMI covariation better than pleiotropy or environmental association. They show that the heritability of BP in young males is high, even when the effect of BMI (which is highly heritable) on BP is statistically controlled for. Moreover, they contrast with similar data obtained in middle-aged females, especially with respect to heritability and impact of BMI on BP. On the basis of an analysis of the available literature data, it is speculated that this contrast could be due to a dependency of heritability on age. Confirmation of this is of potential clinical relevance in that it shows that body weight reduction will affect BP more in middle age, than at a younger age, where heritability (not via BMI) is more important. Also for the geneticist, a confirmation of the age dependency would be relevant, mainly in identifying the young adults as a group where the power of finding linkage with particular polymorphisms would be the largest.
